Tyrosine kinase inhibitors are effective treatments for cancers. Knowing the specific kinase mutants that drive the underlying cancers predict therapeutic response to these inhibitors. Thus, the current protocol for personalized cancer therapy involves genotyping tumors in search of various driver mutations and subsequently individualizing the tyrosine kinase inhibitor to the patients whose tumors express the corresponding driver mutant. While this approach works when known driver mutations are found, its limitation is the dependence on driver mutations as predictors for response. To complement the genotype approach, we hypothesize that a phosphoarray platform is equally capable of personalizing kinase inhibitor therapy. We selected head and neck squamous cell carcinoma as the cancer model to test our hypothesis. Using the receptor tyrosine kinase phosphoarray, we identified the phosphorylation profiles of 49 different tyrosine kinase receptors in five different head and neck cancer cell lines. Based on these results, we tested the cell line response to the corresponding kinase inhibitor therapy. We found that this phosphoarray accurately informed the kinase inhibitor response profile of the cell lines. Next, we determined the phosphorylation profiles of 39 head and neck cancer patient derived xenografts. We found that absent phosphorylated EGFR signal predicted primary resistance to cetuximab treatment in the xenografts without phosphorylated ErbB2. Meanwhile, absent ErbB2 signaling in the xenografts with phosphorylated EGFR is associated with a higher likelihood of response to cetuximab. In summary, the phosphoarray technology has the potential to become a new diagnostic platform for personalized cancer therapy.
Tyrosine kinase inhibitors are effective treatments for cancers. Knowing the specific kinase mutants that drive the underlying cancers predict therapeutic response to these inhibitors. Thus, the current protocol for personalized cancer therapy involves genotyping tumors in search of various driver mutations and subsequently individualizing the tyrosine kinase inhibitor to the patients whose tumors express the corresponding driver mutant. While this approach works when known driver mutations are found, its limitation is the dependence on driver mutations as predictors for response. To complement the genotype approach, we hypothesize that a phosphoarray platform is equally capable of personalizing kinase inhibitor therapy. We selected head and neck squamous cell carcinoma as the cancer model to test our hypothesis. Using the receptor tyrosine kinase phosphoarray, we identified the phosphorylation profiles of 49 different tyrosine kinase receptors in five different head and neck cancer cell lines. Based on these results, we tested the cell line response to the corresponding kinase inhibitor therapy. We found that this phosphoarray accurately informed the kinase inhibitor response profile of the cell lines. Next, we determined the phosphorylation profiles of 39 head and neck cancer patient derived xenografts. We found that absent phosphorylated EGFR signal predicted primary resistance to cetuximab treatment in the xenografts without phosphorylated ErbB2. Meanwhile, absent ErbB2 signaling in the xenografts with phosphorylated EGFR is associated with a higher likelihood of response to cetuximab. In summary, the phosphoarray technology has the potential to become a new diagnostic platform for personalized cancer therapy.
Imatinib is the first tyrosine kinase inhibitor (TKI) that directly targeted an oncogenic driver mutant. This drug showed unprecedented success in the treatment of chronic myleogenous leukemia. 1 Since then, many kinase inhibitors targeting different oncogenic kinases were developed. A few of these drugs showed equally impressive efficacy, for instance, crizotinib for the non small cell lung cancers (NSCLC) that harbored the EML4-ALK translocation, 2 vemurafenib for the BRAF V600E mutated melanoma, 3 erlotinib for the NSCLC that harbored activating EGFR kinase mutations 4 or vandetanib for the hereditary medullary thyroid cancer with underlying RET mutation. 5 Like imatinib, the common theme around these success stories is that the TKIs specifically targeted the oncogenic mutants that drive the underlying cancers. Thus, recent effort has been focused on profiling the genetic landscape of tumors to identify potential druggable targets, thereby increasing the efficacy of kinase inhibitor therapies.
With the rapid advance in sequencing technologies, high throughput screening of mutation drivers by next generation sequencing (NGS) is now a commercially available service for personalized cancer therapy. There are many anecdotal cases that utilized the NGS platform to identify driver mutations in cancer patients for novel TKI therapy. [6] [7] [8] [9] [10] In some cases, the diagnostic was successful in personalizing the right TKIs for the right patients. For instance, when a 41 year old woman with refractory, progressive sarcoma ran out of therapeutic options, NGS identified a novel TRK receptor fusion product, LMNA-NTRK1, in her original tumor. She was subsequently enrolled in a phase I trial of a new pan-TRK inhibitor, LOXO-101. After five cycles of LOXO-101, there was complete resolution of her metastatic diseases. 11 Similarly, after MET exon 14 mutations were identified in 0.6% of lung adenocarcinoma by NGS, three patients with tumors harboring these MET mutants were treated with MET directed therapies via clinical trials. All three demonstrated partial responses.
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Despite these success stories, the NGS platform has limitations as a personalized diagnostic. First, it might reveal many passenger mutations that are not drivers of the tumor. Second, bearing driver mutants does not necessarily translate into response to the corresponding TKIs. For instance, vemurafenib did not produce a dramatic response in the treatment of BRAF V600E mutated colorectal cancer. 13 Third, low mutation rates in some cancers like pediatric tumors 14 might limit the usefulness of NGS as a personalized diagnostic. Fourth, there might not be mutation drivers of a known target in the tumor. For example, EGFR is a known target for head and neck squamous cell carcinomas (HNSCC), but HNSCC rarely carried activating EGFR kinase mutations. 15, 16 Finally, there might be other mechanisms of altering oncoprotein function/activity that NGS diagnostic is not able to identify. Such mechanisms might include overexpression, impaired degradation, defective negative feedback loop or constitutive activation. To improve the genotype approach, we hypothesized that a diagnostic that examine the activity of multiple kinases simultaneously might complement the NGS platform for better selection of the right patient for the right TKI. Phosphoarray is a high throughput screening tool that examines the activities of multiple kinases simultaneously. One commonly used array is called the human phospho-receptor tyrosine kinase (RTK) array. Capture and control antibodies were spotted in duplicate on nitrocellulose membranes. When cell/tumor lysates were incubated with this array, both phosphorylated and unphosphorylated RTKs would bind. The active receptors would then be detected by chemiluminescence using a horseradish peroxidase conjugated anti-phosphotyrosine antibody. The phospho-RTK array can examine the phosphorylation status of 49 RTKs in the lysates simultaneously. While this array has been used in the laboratory setting to identify molecular pathway changes, [17] [18] [19] [20] [21] it has not been tested as a diagnostic to predict tumor response to TKI therapy. However, when it was used retrospectively to identify pathway changes in primary tumors, the array results seem to correlate with patient's response to the TKI, sunitinib. 22, 23 In the four refractory thymic carcinoma patients who demonstrated response to sunitinib, the phospho-RTK array identified KIT, a target of sunitinib, as active in their tumors. 22 Similarly, the two patients with progressive metastatic alveolar soft part sarcoma who showed partial responses to sunitinib had active PDGFR on the array. 23 These findings implied that the phospho-RTK array might be useful as a diagnostic to predict individual tumor response to TKI therapy. In this report, we demonstrated that the phospho-RTK array can inform the TKI response profile of head and neck cancer cell line and patient derived xenograft (PDX) model.
Material and Methods

Cell lines, reagents and antibodies
The HNSCC cell lines (SCC9, SCC15, CAL27, SCC25 and MDA1386) were obtained, characterized, grown in media and condition as previously described. 21 All of the cell lines have been authenticated by short tandem repeat profiling within six months of passage. The phospho-receptor tyrosine kinase array was purchased (ARY001B, R&D Systems, Minneapolis, MN). The array layout of the 49 RTKs were shown in the Supporting Information Figure S5 
What's new?
Advancing precision medicine has become a priority in many countries. The current protocol for personalized cancer therapy involves genotyping tumors in search of various driver mutations and selecting individual tyrosine kinase inhibitors accordingly. But although promising, the genotype approach has several limitations. Here, the authors show for the first time that a phosphoarray platform examining the activity of multiple kinases simultaneously is also capable of individualizing kinase inhibitor therapy in head and neck squamous cell carcinoma. The results provide the proof of concept that the phosphoarray technology can be further developed into a new diagnostic platform for personalized cancer therapy.
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Collection and processing of primary HNSCC tumors
Snap frozen primary HNSCC were collected through the Cooperative Human Tissue Network and the HNSCC tumor lysates were prepared for biochemical analyses by the homogenization method as previously described. 15, 21 The snap frozen primary HNSCC were accrued as de-identified samples with no link to clinical information. On the other hand, the human HNSCC that used to establish the PDX were clinically annotated. All patients included in this study had given written informed consent. The collection of patients' materials for the PDX experiments and for the biochemical analyses was approved by the local Institutional Review Board of Charit e University Medicine, Germany (EA4/019/ 12) and of the Stony Brook University respectively.
XTT proliferation assay
XTT proliferation assays were performed as previously described. 21 Briefly, cells were seeded at 10 4 cells/well in a 96
well plate in quintuplicate. The cells were treated the next day with increasing concentration of the corresponding tyrosine kinase inhibitor (1-10 uM) or DMSO control. Activated-XTT reagent was prepared and added to the cells the following day as per protocol. Cell proliferation rates were determined as previously described. 21 The proliferation rate of untreated cells served as baseline for comparison to that of treated cells. The percent of cell growth inhibition equaled one minus the proliferation rate of treated cells divided by that of untreated cells. A minimum of three independent experiments were performed at each concentration of treatment.
PDX treatment study and correlation analyses
Fresh tumor materials from patients who consented to the PDX treatment study was subcutaneously transplanted into NOD.CgPrkdcscid Il2rgtm1Wjl/SzJ (NSG) mice as previously described. 26 Groups of 5-6 animals were randomized to treatment with cetuximab or saline as control according to schedule as described. 26 Tumor measurement was done at two dimensions with a sliding caliper twice a week during the three-week period of treatment.
Treatment was initiated at a tumor size of 100-150 mm 3 . Therefore, the experiments were performed as regression studies 2 ? length)/2. Change in tumor volume during the course of treatment was defined as the expression value most comparable to clinical tumor evaluation. Treatment response was defined by the relative tumor volume (RTV) which equaled tumor volume at the end of cetuximab treatment divided by that at the beginning of treatment. RTV of 0 is complete response (CR); RTV below 0.8 is partial response (PR); RTV between 0.8-1.2 is stable disease (SD) and RTV above 1.2 is progressive disease (PD). For the progressive tumor, the growth curve was examined and compared to the saline control. Primary resistance is defined as tumor growth curve overlapping the control curve, while secondary resistance is defined as increased tumor growth velocity at a later time point after an initial PR or SD. The different types of treatment response were illustrated in Supporting Information Figure S1 . The investigators (E.L.C. and J.K.) who performed the phosphoarray were blinded to the cetuximab treatment response until the array results were analyzed. All animal experiments were carried out in accordance with the United Kingdom coordinating committee on cancer research regulations for the welfare of animals and the German Animal Protection Law, and the protocols were also approved by the local responsible authorities (LaGeSoBerlin, A0452/08).
Biochemical analysis
Cell, PDX and primary tumor lysates were analyzed for receptor tyrosine kinase signaling using the phospho-RTK arrays as per manufacture recommendation (R&D Systems). The following guidelines were established for the interpretation of the array result: (i) positive hit of a target (1) is defined as signal intensity stronger than or equally as strong as the positive controls on the same array blot; (ii) signals that are visibly about half the intensity of the positive controls on the same array blot will be recorded as intermediate (6) ; and (iii) Signals that are less than half the intensity of the positive controls or nonvisible will be classified as negative (-). An illustration of the phosphoarray interpretation was shown in the Supporting Information Figures S2 and S4 .
Statistics analysis
Statistical analyses were performed using SPSS Statistics 16.0 (SPSS, Chicago, IL). Comparison between the different drug treatment groups was performed using ANOVA. Fisher exact test was used to examine the association between pEGFR/ pErbB2 status and cetuximab treatment response. Level of statistical significance is 5%.
Results
RTK phosphoarray predicts head and neck cancer cell response to kinase inhibitors
Using the phospho-RTK array, we determined that the HNSCC cell line, MDA1386, had activated EGFR and MET (Fig. 1a) . We also noticed intermediate phosphorylation signals from IGF-1R and Axl, but no PDGFR activity in this cell line (Fig. 1a) . Based on the array result, we treated the MDA1386 cells with the corresponding TKI. As expected, imatinib had no inhibitory effect on MDA1386 at all concentrations (Supporting Information Fig. S3 ). On the other hand, MET TKI treatment resulted in significant cell growth inhibition at 5 and 10 uM (Fig. 1b) . While IGF-1R TKI also had a significant inhibitory effect on cell growth at 10 uM, it had no effect at 5 uM (Fig. 1c) . This was predicted given the weak IGF-1R phosphorylation signal detected (Fig. 1a) . Even though EGFR was highly phosphorylated (Fig. 1a) , erlotinib had limited inhibitory effect on MDA1386 cell growth (Fig. 1d) . This was also predicted because MET signaling is known to mediate EGFR TKI resistance. [27] [28] [29] [30] [31] To determine if dual EGFR and MET inhibition resulted in a greater therapeutic effect than MET TKI alone, we treated the MDA1386 cells with increasing concentrations of both inhibitors. As shown, the therapeutic effect of dual inhibition was significantly greater than that of either inhibitor alone (Fig. 1d ). This implied a synergism between the two TKIs. In summary, the phospho-RTK array accurately informed the TKI response profile of the MDA1386 cell line.
Next, we determined the RTK phosphorylation profiles of four additional HNSCC cell lines. Surprisingly, all of the cell lines had similar profiles (Fig. 2a and Supporting Information  Fig. S2 ). Since SCC25 had a weaker MET phosphorylation signal than MDA1386 (Figs. 1a and 2a) , we decided to compare SCC25 response to MET TKI with that of MDA1386. While MET TKI inhibited the cell proliferation of both cell lines at 10 uM, its effect on MDA1386 was significantly stronger than that on SCC25 (Fig. 2b) . We also tested SCC25 response to EGFR TKI. Based on the array result, we speculated that SCC25 would be more responsive to EGFR TKI than MDA1386 because MET activation was weaker in this cell line. Indeed, erlotinib resulted in a significantly greater growth inhibition in SCC25 than MDA1386 (Fig. 2c) . On the other hand, we anticipated a greater effect of IGF-1R TKI on SCC25 than MDA1386 as SCC25 had a stronger IGF-1R phosphorylation signal. As anticipated, IGF-1R TKI resulted in a higher percentage of growth inhibition in SCC25 than MDA1386 (Fig. 2d) . In summary, the phospho-RTK array informed the differential response of two HNSCC cell lines to kinase inhibitor therapies.
RTK phosphoarray predicts head and neck cancer PDX response to cetuximab
Using the phospho-RTK array, we determined the RTK phosphorylation profiles of 39 treatment na€ ıve PDX tumors (Table  1) . In contrast to the cell line data, none of the PDX had strong MET phosphorylation signal. While phosphorylated EGFR was the predominant signal in the majority (89.7%, 35/39) of PDX, 28.2% (11/39) had ErbB2 signaling ( Fig. 3a and Table 1 ). We suspected that ErbB2 activation in the PDX is the result of EGFR-ErbB2 heterodimer signaling because (i) ErbB2 amplification rarely occurred in HNSCC 32 and no ErbB2 mutations were detected in any of the PDX 26 ; (ii), all of the pErbB2 1 PDX (n 5 11) had phosphorylated EGFR, but none of the pEGFR -PDX (n 5 4) had pErbB2 (Table 1) ; (iii) ErbB2 receptor has no known ligand for its activation. 33 Based on these evidences, the only plausible explanation for ErbB2 activation in the PDX is EGFR-ErbB2 heterodimer signaling. Next, we correlated pEGFR signal with response to cetuximab treatment. Interestingly, there was a highly significant association between primary resistance to cetuximab and negative pEGFR signal in the pErbB2 -PDX (Fig. 3b) . The positive and negative predictive values of pEGFR status in predicting response in this PDX cohort were 83.3 and 100% respectively. Then, we examined the association between pErbB2 signal and response to cetuximab in the pEGFR 1 PDX. While the positive predictive value of a negative pErbB2 result in predicting cetuximab response in this PDX cohort was 83.3%, a positive pErbB2 signal did not necessarily predict cetuximab resistance (Fig. 3c) . The association between pEGFR/pErbB2 signal and the clinical/pathological feature of each PDX was examined (Table 2) . pErbB2 signal or the lack of pEGFR signal does not correlate to stage, tumor grade or location. Taken together, the phospho-RTK array informed the cetuximab treatment response in the HNSCC PDX.
The RTK phosphorylation profile of primary HNSCC is different from those of HNSCC PDX and cell lines
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Tumor Markers and Signatures undetectable (-) phosphorylated EGFR (66.7%, 6/9) was higher than that of PDX (10.3%, 4/39). In addition, none of the primary HNSCC had ErbB2 activation (Fig. 4 and Supporting Information Fig. S4 ). Not detecting phosphorylated ErbB2/ MET in the primary tumors suggested that the cell line or PDX might have acquired dependence on signaling pathways outside of the primary setting. Despite this subtle signaling difference between the preclinical model and the primary tumors, the phospho-RTK array is able to distinguish them and thus might also be useful in the clinical setting.
Discussion
Advancing precision medicine has become a national priority. Oncology is at the forefront of this initiative. The advance of genomic technology has made it possible to sequence tumor genome in real time to inform treatment decision and bring personalized medicine to cancer patients. While NGS is a promising platform, the limitation is its dependence on driver mutations as predictors of response to novel therapy. In this report, we tested the phosphoarray as a new platform for personalizing kinase inhibitor therapy. In both in vitro and in vivo model, the phospho-RTK array was able to inform the kinase inhibitor response of HNSCC cell lines and PDX. During the course of the study, we made several interesting observations. First, the result that 66.7% of primary HNSCC did not have detectable pEGFR signal is similar to our prior finding in a larger cohort using a different detection method (60.7%, 34/ 56). 15 This is in sharp contrast to the much lower percentage of HNSCC PDX with undetectable pEGFR signal (10.3%).
Since negative pEGFR predicted primary cetuximab resistance in the PDX model, the high percentage of pEGFR -primary tumor might explain the low cetuximab response rate in HNSCC clinical trials. 34 Second, while the signaling profiles of HNSCC PDX bore close resemblance to that of the primary tumor, there were subtle differences. These differences might have been acquired during PDX passages. Thus, PDX response to targeted therapy should be carefully interpreted. Third, we noticed signaling and treatment response differences between PDX from different disease sites of the same patient (i.e., 11857A: primary tumor vs. 11857B: metastatic site) and PDX from disease at different time point of the same patient (i.e., 13194: primary tumor vs. 10913: recurrent tumor; Table 1 ). This finding supports assessing the molecular profile of not only tumors at different time points, but also tumors at different sites. Taken together, this study supports further development of the phosphoarray platform as a personalized diagnostic. Despite these promising results, there are several limitations with this platform. First, the TKI might not be potent enough to shut down the signaling of the target even when the right target was identified by the array. This could be secondary to a mutated target. Thus, the phosphoarray platform should be used in conjunction with the NGS platform to personalize TKI therapy. Second, there might be unknown compensatory mechanism(s) that conferred TKI resistance to the target identified. The phospho-RTK array does not include signaling pathways downstream of the RTK. Third, the array results can only be interpreted subjectively and do not take into account the differences in signaling strength. To improve on the currently available array, the next step will be to design and develop a quantitative array with expanded coverage of all potential druggable targets and resistant pathways. In conclusion, the phosphoarray technology and concept might be broadly applied to all cancer types and impact the field of personalized medicine. Tumor Markers and Signatures
